The sensitivity of cerebral energy metabolism to ischemic and hypoxic stresses following global cere bral ischemia was evaluated in a cat model using 31p nu clear magnetic resonance (NMR) spectroscopic methods.
Summary: The sensitivity of cerebral energy metabolism to ischemic and hypoxic stresses following global cere bral ischemia was evaluated in a cat model using 31p nu clear magnetic resonance (NMR) spectroscopic methods.
Complete global cerebral ischemia of 5 to 10 min in length was produced at 1 h intervals by reversible arterial oc clusion, permitting continuous monitoring of NMR and EEG. Ischemia appeared to produce slightly more severe
In experimental models of recovery from cerebral ischemia, a brief period of reactive hyperemia is followed by long-lasting postischemic deficits in ce rebral blood flow (Hossmann et aI. , 1973; Levy et aI., 1979; Pulsinelli et aI., 1982; Kagstr6m et aI., 1983; Suzuki et aI., 1983) . The pathophysiological processes that lead to postischemic hypoperfusion, while not clearly understood, seem to be related to an increased vascular tone (Schmidt-Kastner et aI., 1987) . During the hypoperfusion phase, there is a lack of CO2 reactivity, indicating an uncoupling of cerebral blood flow and metabolic activity (Hoss mann et aI., 1973; Snyder et aI., 1975) . For this reason, the brain may exhibit postischemic hyper sensitivity to additional hypoxic-ischemic stress, even if the levels of energy-yielding phosphates are energy failure in animals that had previously experienced an ischemic injury. Preischemic hypoxia (5% O2 for 5 min) resulted in minor changes in the levels of phos phocreatine and intracellular inorganic phosphate, which were slightly amplified in animals that previously experi enced ischemia. Key Words: Cerebral ischemia-Energy metabolism-31 P NMR-Hypoxia-Cat.
replenished to normal before the secondary injury occurs. Such a postischemic metabolic hypersensi tivity to stress may be relevant, as suggested by a recent study (Tomida et aI., 1987) of repetitive ce rebral ischemia in gerbils, where animals receiving brief secondary and tertiary ischemic injuries were found to have a higher morbidity and were more prone to develop cerebral edema than animals ex periencing a single long ischemic episode.
The present study was designed to evaluate the metabolic consequences of postischemic hypoper fusion in cats receiving repetitive ischemic injuries. In particular, it addresses the questions of how quickly metabolic parameters (high energy phos phates and pH) recover after ischemia, and whether hypoxic or further ischemic injuries result in a more serious decline or a slower recovery of these pa rameters. 31 P nuclear magnetic resonance (NMR) spectroscopy was chosen as the primary experi mental technique, because it is rapidly being ac cepted as a useful method for repetitive noninvasive measurements of cerebral energy status and intra cellular pH (for review, see Prichard and Shulman, 1986 ). The cat model was given preference to a ro dent model, because the physiologic state can be better controlled, and because the larger brain of-fers a better signal-to-noise ratio, permitting the ac quisition of data with higher temporal resolution.
MATERIALS AND METHODS

Animal preparation
Adult cats (n = 12, 3.0-4.0 kg) were tranquilized with ketamine (15 mg/kg i.m.), and then anesthetized with 2-3% halothane in 29% O2, 69% N20 applied via a face mask. After tracheotomy and placement of catheters in femoral artery and vein, the animals were immobilized with 1 mg/kg of succinylcholine chloride, and ventilated mechanically with 1% halothane in 30% O2 and 70% N20. The tidal volume was adjusted to produce P a02 � 100 torr and PaC02 of approximately 30 torr. Body temperature was maintained with a thermostat-controlled, water circulated heating pad. Global cerebral ischemia was pro duced by intrathoracic occlusion of the innominate and left subclavian arteries, which supplies both carotid and vertebral arteries in the cat. A thoracotomy was per formed on the left side. The vessels were exposed at their origin from the aortic arch, and circumscribed by silk snares that could be tightened remotely by application of tension on the silk threads through a semirigid length of teflon tubing. Prior to placement of the occlusion device, the internal mammary arteries were permanently ligated to prevent collateral blood supply to the subclavian arter ies. The skull was exposed by retraction of the soft tissue.
EEG leads were implanted into the calvarium 5 mm fron tal and 5 mm lateral to the bregma, and connected to a recorder via rf chokes. The NMR coil (see below) was apposed in the midline to the dorsal aspect of the skull, the frontal edge being located just behind the bregma.
Ischemia and hypoxia
The timing of hypoxic and ischemic episodes in con trols (n = 3) and ischemic animals (n = 9) is given in Fig.  1 . Three ischemic episodes of 5.0, 7.5, or 10.0 min dura tion (three animals in each group) were produced at hourly intervals. To minimize the possibility of blood sup ply to the brain during the period of blood pressure in crease (Cushing's response), the effective pressure was reduced by raising postexpiratory airway pressure by 30 to 50 cm H20. As the blood pressure peak passed, the additional pressure was gradually reduced. Ischemia was terminated by releasing the vascular occlusion. Hypoxic episodes of 5.0 min duration were produced by abruptly lowering the oxygen content of the respiration gas to 5%.
During and after the hypoxic and ischemic episodes, ar- terial blood samples were withdrawn for measurement of pH and blood gases. EEG and arterial blood pressure were recorded throughout the experiment.
NMR
NMR spectra were obtained with a General Electric NMR 4.7 T CSI spectrometer having a horizontal clear bore of 35 cm. A two turn circular surface coil of 16 mm diameter served as the NMR probe. The brain was cen tered in the magnet's shim coils and homogeneity adjust ments were performed until the full width at half maximum of the water signal was between 0.10 to 0.18 ppm. The surface coil was then tuned to the 31p frequency without moving the coil or the animal. 31p spectra were acquired with a 1.0 s repetition time with a pulse width that optimized the phosphocreatine (PCr) signal to im prove the time efficiency of the signal averaging process. Under these pUlsing conditions, any pair of signals may be saturated to a different extent, and a ratio of the signal intensities does not necessarily reflect the actual ratio of metabolite concentrations. However, the fractional changes in a single peak intensity relative to that mea sured during a control period (the parameters used in this work) are valid measures of metabolic changes despite the saturating conditions. Spectra were obtained at either 1.0 or 5.0 min time resolution. Typically, three 1.0 min accumulations were obtained prior to induction of hyp oxia or ischemia. The insult was then administered at the beginning of a 1.0 min acquisition. Spectra were acquired at 1.0 min time resolution for the next 15 min and then 5.0 min accumulations were taken.
NMR data analysis
Free induction decays were Fourier transformed after filtering with a 20 Hz exponential function. Phase correc tion parameters were obtained by inspection on one spec trum in each set and automatically applied to the remain ing spectra in the set. In a few cases, manual phase re adjustment was necessary. The broad baseline signal (Ackermann et aI., 1984; Cerdan et aI., 1986; Gonzales Mendez et aI., 1984) was removed with a polynomial baseline fitting procedure. A peak finding routine was then used to obtain the signal heights and the chemical shifts. Linewidth variations were assumed to be negligi ble. The pH was determined using the frequency differ ence between the inorganic phosphate Pi and the PCr signals and a titration curve established by Petroff et al. (1985) , assuming the frequency differences are not af fected by rapid pUlsing. In the later stages of ischemia, when the PCr was not present, its frequency for the pur pose of pH determination was taken to be unchanged from its position in the last spectrum in which it was present. This assumption is supported by the observation that neither the PCr signal or the water signal made de viations in frequency that were greater than a few Hz during the 5-10 h required for a complete experiment.
Estimation of experimental uncertainties
Errors arise for two independent reasons: (a) random noise and data manipUlation errors introduce uncertainty into data derived from an individual; (b) variance in data obtained from different animals may arise from differen tial individual responses to the same experimental condi tions or to incomplete reproduction of experimental con 
. :::.:.:.: : iment. The spectra shown in the inset (A,a,C) were acquired for 1.0 min at the times indicated below the EEG. The experimental uncertainties in the determination of the ATP and per levels were estimated to be 28 and 8%, respectively, by using the signal-to-noise ratios from the spectra in the inset. The experimental uncertainty in the pH was estimated to be 0.14 in the vicinity of pH 6.0 and 0.09 in the vicinity of pH 7.0.
are subject to errors from both sources, and will be more scattered. The signal-to-noise ratios for ATP and per from the 1 min spectral data shown in Figs. 2 and 3 were used to estimate the standard error (given in the Fig. 2 caption) in the intensity determinations. Given the high noise level, it is unlikely that data manipulation errors are significant. The standard error in the determination of a resonance frequency was determined to be about 0.1 times the full width at half-height assuming a Lorentzian line shape having a noise level characteristic of our 1 min spectral data. This leads to an uncertainty in pH deter mination of about 0.14 pH units at pH 6.0 and about 0.1 pH units at pH 7.0. The pH dependence of the pH uncer tainty arises from the sigmoidal character of the pH chemical shift titration curve (Petroff et aI., 1985) . In Figs. 4-8, mean data from three individuals appear in each subplot. The standard deviation of the mean was computed for various time points in each of these figures.
The standard deviation parameter serves to express the experimental scatter arising from both sources of error, and probably overestimates the true uncertainty because the number of measurements was never more than three. The representative standard deviations at defined times (i.e., during recovery, during ischemia) are reported in the figure captions.
J Cereb Blood Flow Metab, Vol. 9, No.4, 1989
RESULTS
Figure 2 depicts representative data observed in an ischemia experiment on a single animal. It is presented to illustrate the temporal correlations be tween 31 p NMR parameters and physiological pa rameters that were obtained as a result of the ability to collect 1.0 min 31 p spectra. In the example given, ATP, per, and pH began to drop immediately at the onset of ischemia. However, EEG activity was flat before per and ATP levels had fallen below 50 and 75% of their respective control values and before the pH had fallen below 7.0. By the end of the isch emic episode, the signals from ATP and per were undetectable, and the pH had dropped below 6.5. Metabolism as measured by 31 p NMR responded quickly to re-establishment of flow. Improvements in all metabolic parameters are apparent in the first few minutes of reflow. The ATP level returned to 90% of control within 5.0 min, and the per level was renormalized after 10 min (data not shown). Complete recovery of pH took longer and was not yet complete when hypoxia was produced 30 min after ischemia (data not shown). EEG amplitude be gan to recover at 17 min after reflow (data not shown). Figure 3 shows recordings of an episode of hyp oxic hypoxia from a single animal. During the hyp oxic episode, there was no noticeable change in the cerebral pH, and the reductions of PCr and ATP were not as pronounced as noted above in ischemia (Fig. 2) . The inset spectra show that during the ep isode, there was a substantial increase in the Pi level. Recovery of the PCr and Pi signals to control levels occurred within a few minutes of renormal ization of the oxygen content in the inspired gas. EEG slowed slightly but was not suppressed by the reduction of the oxygen supply. There was a reduc tion in perfusion pressure during the episode, indic ative of the cardiovascular system's sensitivity to oxygen deprivation.
Figures 4-6 summarize the mean values of the parameters measured with NMR spectroscopy dur ing the ischemia experiments. The data presented result from averaging measurements from three an imals studied at each ischemic duration. The extent of pH decline (Fig. 4) is more severe as the length of ischemia is increased. A very slow pH recovery in one of the three animals was observed after the sec ond and third ischemia in the 10 min ischemia ex periment shown in Fig. 4 , and this animal died after the third ischemia study was completed. Because of the pH discrepancy between the two recovering an imals and the one that was not, the standard devi ation during the recovery phase in these two cases is unusually large (see the Fig. 4 caption) . The slope of the pH recovery curves in the 10 min experiment is not significantly different than in the 5 or 7.5 min ischemia studies due to the large uncertainty in the former. Thus, the rate of postischemic pH recovery appears to be independent of the length of ischemia, and the number of previous ischemic episodes. The behavior of the PCr signal is shown in Fig. 5 . The intensity decrease is slightly larger in the second compared to the first ischemia of each duration, but not noticeably worse in the third, compared to the second episode. While these small differences are not significant in view of the estimated experimen tal uncertainty, the trend is evident. Recovery of the PCr signal begins immediately upon reflow, reaching 80% of the control value within 8 min in all cases. The observed ATP levels from these exper iments (data not shown) parallel the changes in PCr, were estimated from the standard deviations of the means. Standard deviations at the end of the three ischemic periods and at the end of each recovery period were computed for each group of three animals. During the ischemic periods, the standard deviations were about 0. 3 units. The standard deviations in the recovery periods (excepting the second and third 10 min experiments) were approximately 0. 1 unit. One of the three animals in the 10 min series did not show pH recovery after the second and third ischemia, while the other two did; thus, higher standard deviations, 0.8 and 0.6 units, respectively, characterize these data.
but these data are subject to more scatter than the PCr data resulting from the lower signal-to-noise ratio. The inorganic phosphate data (Fig. 6) confirm the tendency toward more severe changes in the second compared to the first ischemia, but not be tween the second and the third episode. Evidence of recovery is apparent in the first few minutes of reflow, and is complete within 10 min except in the final two ischemias in the 10 min ischemia experi ment, which are subject to large uncertainty due to the fact that one of the three animals was not re covering.
The The Pi increases (Fig. 7) are more noticeable in an imals that had previously experienced ischemia, with the increase generally being slightly more se vere after the second compared with the first isch emic episode. Results of the measurement of the PCr signal appear in Fig. 8 . Animals that had pre viously experienced ischemia showed slightly more severe declines in PCr but the length of ischemia does not appear to influence the level to which the PCr falls in the postischemic hypoxias. The differ ences of EEG response to hypoxia, to be described in more detail elsewhere (Hossmann et aI., in prep aration), were more apparent and long lasting than were the metabolic responses in previously isch emic animals compared to nonischemic controls. Gyulai et aI., 1987; Komatsumoto et aI., 1987; Sauter and Rudin, 1987; Ligeti et aI., 1987; Naritomi et aI., 1988) . Only recently have in vestigators (Horikawa et aI., 1985; Andrews et aI., 1987) turned to using 31 p NMR spectroscopy to study metabolism during the early postischemic pe riod as was done here. In this paper, we report bet ter time resolution and more precise correlations with EEG activity than is presently in the literature. The EEG activity ceased within 15 s of the onset of ischemia (Fig. 2) , consistent with a finding in gerbil by Naritomi et al. (1988) , before there was an appreciable decline in the ATP. Thus, in contrast to the previous indirect conclusion of Crockard et al. (1987) , it seems that EEG activity does not fail be cause energy in the form of ATP is not available.
DISCUSSION
Other mechanisms must exist that control the EEG activity independently of its energy supply. The ex istence of such mechanisms seems logical in that they provide for the prudent conservation of energy during ischemic stress (Bito and Meyers, 1972) , but the present data do not provide clues as to what might be the controlling factors in these mecha nisms. On the other hand, normal EEG activity must require normal pH and energy state, so that during the postischemic recovery phase, the ATP deficit and the low pH may be responsible, at least in part, for the ongoing suppression of EEG activity (Marshall et aI., 1975; Schmidt-Kastner et aI., 1986) . Our correlation of NMR and EEG data indi-cates that metabolic recovery precedes EEG recov ery. Thus, while EEG appears to be a more sensi tive indicator of progressive ischemic injury than is 31p NMR, NMR provides an earlier indication that recovery may eventually occur.
Recovery of metabolic parameters began imme diately upon reflow in 25 of 27 cases (nine animals, three ischemias each) and the recovery rate is in sensitive to both previous experiences of short isch emia and to the length of ischemia. Scattered earlier studies of metabolic recovery from ischemia in in dividual animals agree with the present finding (Horikawa et aI., 1985; Behar et aI., 1987; Ligeti et aI., 1987; Gyulai et aI., 1987; Andrews et aI., 1987; Marshall et aI., 1975) . The absence of any delay in the metabolic recovery suggests that up to 10 min of ischemia does not produce major damage to the cel lular systems responsible for producing ATP and PCr, and for regulating the pH. An interesting as pect of our study is that although the cerebral blood flow may be reduced by as much as 50% during the postischemic period, the metabolic profile renor malizes to be essentially identical with the preis chemic profile when the flow is twice as fast. On the other hand, brain metabolism decays very rapidly when the flow is reduced to zero. This finding im plies that there is a relatively sharp boundary that can be thought of as "critical flow" rate below FIG. 6. Average inorganic phosphate measurements in repetitive global ischemia (n = 3 at each ischemia duration). Experi mental uncertainties were estimated from the standard deviations computed in the recovery and ischemic phase for each of the plots shown. During the ischemic phases, the standard deviations were scattered around 70%, and during the recovery phase (excepting the second and third ischemias in the 10 min experiments) were about 40%. One of the three animals in the 10 min experiment did not recover after the second ischemia as the other two did, resulting in higher standard deviations of 160 and 300% after the second and third ischemias, respectively.
which the spectrum takes an ischemic appearance and above which the spectrum appears normal. The inferential suggestion of these data is that the threshold is below 50% of the normal flow rate, which is in agreement with previous measurements of the threshold of energy state during graded isch-emia (Crockard et aI., 1987; Horikawa et aI., 1985; Naritomi et aI., 1988; EklOf and Siesj6, 1972) . ., / (Humphrey and Marshall, 1981) .
The present study revealed only a slight tendency toward a greater metabolic sensitivity to the second and third ischemia, suggesting that a single ischemia is sufficient to produce this small effect. Thus, our observations are consistent with the existence of postischemic hypoperfusion that is produced by the first ischemic injury, but presumably not aggra vated further by the second or third injury. How ever, the small enhancements in energy failure in previously ischemic animals observed here make it difficult to implicate energy failure as one of the pathogenic factors leading to the aggravation of re petitive ischemic injuries.
Another aspect addressed in this study is that of the sensitivity of postischemic brain to hypoxic stress. The hypoxic episodes were given to deter mine if a metabolic stress that would be minor un der conditions of normal cerebral blood flow and normal flow reactivity would become more severe in the postischemic period. We found that when the oxygen in the inspired gas was reduced to 5% for 5 min in cats, which had not previously experienced ischemia, there were small reproducible changes in the 31p spectrum of the brain. The per signal fell to 75 ± 14% and the Pi peak increased to about 200 ± 70% of its initial value, but pH and ATP decline were not routinely observed. This may seem to be at variance with earlier observations that reported a decline of A TP and of pH during hypoxia of longer duration or at lower oxygen levels (Yuasa et aI., 1986; Gyulai et aI., 1987; Hilberman et aI., 1984) . In agreement with Prichard et ai. (1983) , we have noted in a few instances (data not shown) that ATP and pH decreases occurred only when blood pres sure decreased sharply during the hypoxic episode, indicating that, in these instances, hypoxia was complicated by ischemia. This serves to emphasize the need for differentiating the primarily cardiac from the cerebral effects of hypoxic hypoxia.
In the animals that had suffered one or several episodes of ischemia, the metabolic consequences of hypoxia were only slightly more severe. How ever, there was a distinct aggravation of the EEG alterations induced by hypoxia, particularly after the second and the third episode of ischemia (Hoss mann et ai., in preparation), which were more ap parent than the metabolic alterations. The brain may be responding to the hypoxic stress with an atten uation of its electrical activity in order to preserve its energy state. It is possible that this is a protec tive mechanism, but it cannot be excluded that the electrophysiological alterations or their underlying biochemical processes are pathogenic factors on their own, and that the pathophysiological sequence initiated by this event is responsible for the previ ously observed increase in mortality after repetitive injuries. Obviously, the present study was not de signed to investigate these later consequences of ischemia, and further experiments should be carried out to clarify this point.
